Computerized surgical planning protocols for distraction osteogenesis are still in their rudimentary phase. The authors have developed a system to plan distraction osteogenesis in craniofacial and maxillofacial surgery that uses three-dimensional computed tomography scans and computer simulation in a virtual reality environment. This involves the creation of a three-dimensional bone model of the craniofacial skeleton, which incorporates virtual globes. Virtual osteotomies are performed on the bone model and the movements of the bone segments are simulated. The program generates a recipe for the linear and the angular changes necessary to achieve the desired outcome. The purpose of this article is to present this surgical planning process and discuss its use in maxillary and midface distraction.
S
urgical planning protocols for distraction osteogenesis are still in their rudimentary stage. Some authors have suggested that detailed presurgical planning with distraction is not essential because "you can adjust as you go." Others have used traditional cephalometric radiographs and dental models. The authors have developed a system to plan distraction osteogenesis of craniofacial and maxillofacial surgery that uses threedimensional computed tomography scans and computer simulation in a virtual reality environment. [1] [2] [3] The purpose of this article is to present this surgical planning process and discuss its use in maxillary and midface distraction.
SURGICAL PLANNING FOR MAXILLARY DISTRACTION
Indications D istraction osteogenesis of the maxilla seems to be superior to conventional orthognathic surgery in a selected group of patients. This group includes cleft patients who need more than 6 mm of maxillary advancement and noncleft patients who need advancement in excess of 10 mm. 4, 5 These patients need advancement beyond the physical limitations of conventional surgery. Distraction osteogenesis should not be used in patients who need segmentation of the maxilla or concomitant mandibular surgery or in noncompliant patients.
Surgical Planning
In patients with simple maxillary deformities, distraction planning can be accomplished using direct anthropometric measurements, dental models, and cephalometric radiographs. In patients with complex maxillary deformities, however, distraction planning is best accomplished using three-dimensional computer simulation. The authors are currently using computer simulation to plan maxillary distraction. The goal of maxillary distraction is to normalize the anteroposterior, vertical, and transverse positions of the maxilla. Additionally, at the completion of distraction, the occlusion should be ideal.
The first step in the maxillary planning process is to build a computerized three-dimensional model of the facial skeleton. This model is reconstructed from a computed tomography scan of the patient's maxillofacial region. After the model has been created, it is imported into a computer program, which enables visualization and manipulation of the facial skeleton in three dimensions (Fig 1A) .
Initially, the facial skeleton is oriented in a unique three-dimensional coordinate system. The next step is to simulate the Le Fort I osteotomy and to move the segment to the desired position. Subsequently, the authors create an animation that simu-lates the distraction process. The animation helps the surgeon to visualize the path that the Le Fort segment takes during distraction. The maxillary distraction path is usually curvilinear, which is the result of a combination of translation and rotation. The computer simulation provides the surgeon with a recipe for distraction, which includes the length and direction of the advancement as well as the rotation necessary to place the maxilla in ideal occlusion (see Fig  1B and 1C) .
After the animation sequence has been created, it can be visualized from multiple angles. Analysis of this sequence demonstrates the types of movements that are necessary to achieve the desired outcome. This step is necessary to select the appropriate type of distractor. The selection of a particular type of device should be based on the ability of that device to perform the necessary spatial movements.
A common complication of maxillary advancement is the creation of an anterior open bite. This deformity is produced when the force of distraction is applied below the maxillary center of resistance. In simple terms, the center of resistance is the point at which a force, when applied, produces linear displacement without rotation. Forces applied below the center of resistance produce a counterclockwise rotation of the maxilla and an open bite (Fig 2A and  2B ). This complication can be prevented by applying forces above the center of resistance, which produce a clockwise rotation of the maxilla, closing the open bite (see Fig 2C and 2D ). To plan maxillary distraction, it is important to calculate the maxillary center of resistance. Existing software is unable to make this calculation, but it is able to calculate the center of mass. The authors have assumed that the center of resistance corresponds to the center of mass. Although the authors recognize the inherent problem of this assumption, clinical results using this assumption have been good (Figs 3 and 4) .
SURGICAL PLANNING FOR DISTRACTION OF THE MIDFACE
Indications D istraction osteogenesis has been successfully used to treat patients with craniofacial synostosis syndromes. [5] [6] [7] These synostosis syndromes include Crouzon, Apert, Saethre-Chotzen, Pfeiffer, and Carpenter syndromes. These syndromes represent familial forms of synostosis involving not only the cranial vault but the cranial base and midface structures. The syndromes are characterized by shallow orbits with ocular proptosis, brachycephaly, and midface hypoplasia. Some patients may also exhibit orbital hypertelorism. 8 The treatment protocol for these patients varies among craniofacial centers. The most common protocol involves a staged approach. The first operation is usually performed during infancy (3-12 months) and consists of suture release, decompression, and simultaneous cranial vault and upper orbital osteotomies with reshaping and advancement. The second operation is usually performed between the ages of 5 and 7 years and involves the treatment of the orbitozygomatic deficiency. Between these two operations, it is often necessary to perform a repeat craniotomy-cranioplasty. The final operation is completed during adolescence and involves the orthognathic management of the residual maxillary deformity. 8 In a few centers, a single operation (monobloc) is used to treat the cranial vault, cranial base, and midface deformities. 9 Distraction has been used in infancy and in childhood for monobloc and Le Fort III advancements. 6, [10] [11] [12] It has also been used for the late treat- ment of midface deformities in adults. 13 The planning for distraction osteogenesis of the upper face or midface does not differ significantly from the planning for these operations without distraction. It always involves a systematic analysis of the deformity and quantifying the deformity in three dimensions. The decision of which surgical approach to use depends on the patient's midface and anterior cranial base morphology. 8 
Surgical Planning
Currently, the planning for midface distraction is similar to the planning process used in patients who are not undergoing distraction. Traditional planning processes use cephalometric radiographs, tracings, and plaster dental models. The authors are currently using three-dimensional computer simulations to replace the need for traditional planning processes. 
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Attempts to simultaneously normalize the occlusion in the same patient in Figure 5 can produce enophthalmos and distortion of the orbitozygomatic region. The advantage of a computer planning system is that it allows for complete visualization of the deformity and the desired surgical outcomes.
The first step in the planning system is to build a computerized three-dimensional model of the facial skeleton. This model is constructed from a computed tomography scan of the patient's maxillofacial region. After the model has been created, it is imported into a computer program, which enables visualization and manipulation of the facial skeleton in three dimensions. In addition, virtual models of the patient's globes are incorporated into the facial skeleton. Next, the osteotomies are simulated, and the midface is positioned in the desired position. The magnitude of the anterior advancement is determined by the sagittal relations of the cornea to the nasion, lateral rim, and orbitale ( Fig 5) . As advocated by Mulliken and his colleagues, [14] [15] [16] the use of these relations helps to prevent enophthalmos in patients with midface advancement. The authors have found the use of sagittal orbital-globe relations to prevent enophthalmos superior to Chin and Toth's 6 average porion to orbitale measurement, although comparison of the two methods often yields similar results.
A major advantage of three-dimensional computer models is the ability to visualize and adjust horizontal and vertical relations in the orbit. The main goal of midfacial advancement in these patients is to normalize the anatomy of the orbitozygomatic region. A recent retrospective study by Fearon also suggests that in growing children, the ideal vector for distraction is determined by the malar position and not by dental occlusion. 17 A Le Fort III osteotomy is indicated in the treatment of midface hypoplasia if the contour of the forehead and anterior projection of the supraorbital ridge are normal and if there is no hypertelorism. A monobloc osteotomy is indicated in midface hypoplasia if there is decreased anterior projection of the supraorbital ridge and an abnormal contour to the forehead (Fig 6) . If orbital hypertelorism is present, a facial bipartition can be completed and the orbits can be repositioned medially. 8 The normalization of the vertical and horizontal dimensions of the orbital rim takes precedence over the normalization of the occlusion. Attempts to normalize the occlusion simultaneously can produce enophthalmos and distortion of the orbitozygomatic region (Fig 7) . Normalization of the occlusion is best accomplished by a Le Fort I osteotomy at the completion of facial growth (Fig 8) . Figures 9 and 10 present the results of a patient who underwent Le Fort III distraction following this planning protocol.
CONCLUSIONS T
he authors have developed a new technique to plan distraction osteogenesis of the maxilla and the midface employing a personal computer system with customized computer programs. Initially, a three-dimensional bone model of the craniofacial skeleton is reconstructed. Virtual globes are incorporated into the three-dimensional bone model for the simulation of the midface distraction. Thereafter, virtual osteotomies are performed, and the movement of the bone segments is simulated. This simulation helps in the selection or creation of the appropriate distractor. Finally, the computer program formulates the recipe to generate the linear and angular changes necessary to achieve the desired outcome. Possible difficulties during distraction are predicted before surgery. The indications for distraction osteogenesis are also discussed.
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